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where Vout is the output voltage of the shear piezoresistor in 
response to an in-plane shear stress s (or xy), Vin is the 
supply voltage, and s is the shear piezoresistance coefficient. 
Ignoring extremely small dimensional changes of the 
piezoresistors, the l and s along the two crystal directions 

011  and 211  can be expressed by,  [7]: 
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With an impurity concentration of about 5x1019cm-3 (typical 
of our process), 44 = 85x10-11 Pa-1, [8]. For p-type 
piezoresistors, 11 and 12 are sufficiently small in 
comparison with 44, that they can be neglected. Equation 
(4) and Eq. (5) are thus approximated by: 
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Table 1 summarizes the resistance changes of the 
conventional piezoresistors and output voltages of the shear 
piezoresistors due to the applied loads. The ‘+’ and ‘–’ signs 
indicate respectively an increase and decrease, ‘0’ means 
unchanged and ‘=’ means a similar change in both sign and 
magnitude in piezoresistors of a corresponding bridge.

Based on the Table 1, the measurement circuits for 
measuring the five components, (Fx, Fy, Fz, Mx, and My),
are created by connecting five parallel detecting 
potentiometer circuits with a common potentiometer circuit 
to form Wheatstone bridges sharing a common half-bridge. 
The common half-bridge resistors are identical and placed 
side by side on an unstressed region of the chip. To measure 
the moment around the Z-axis Mz, the voltages of the two 
shear piezoresistors RMz1 and RMz2 are summed by a 
summing circuit: 
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where VoutMz1 and VoutMz2 are calculated from Eq. (3).
The shaded regions in Table 1 indicate where the response of 
the corresponding bridge is non-zero. A more detailed 
explanation about the working principle of the sensor was 
reported by the authors in [9]. 

FABRICATION PROCESS 
The sensing chip was fabricated by micromachining process 
shown briefly in the following: 

Step 1: The starting material was 4-inch n-type (111) silicon 
wafer with a thickness of 400 m.

Step 2: A 0.3 m-thick insulator layer SiO2 was formed by 
thermal oxidization process.
Step 3: Piezoresistors were patterned so that their principal 

axes align with the crystal directions 011  and 211 .
Boron ions were diffused to form p-type piezoresistors by 
using spin-on diffusion source (PBF, Tokyo Ohka Kogyo Co., 
Ltd). Pre-deposition process was performed in N2 at 1000oC
for 60 min. Then, a drive-in process was done in dry O2 at 
1100oC for 30 min to activate boron ions in the Si. In order 
to reduce the temperature sensitivity of piezoresistors, the 
impurity concentration was controlled at about 5 x 1019 cm-3.
Step 4: Contact holes were opened by wet etching in 
buffered HF solution. 

Step 5:  0.6 m-thick aluminum wires and bonding pads 
were formed by vacuum evaporation, photolithography, and 
etching processes. Next, a sintering process was performed 
in N2 for 30 min at 400oC to make firm contact between 
electrodes and piezoresistors.
Step 6:  Crossbeam pattern was defined by photolithography 
using a double-sided mask aligner. Then, frontside deep 
reactive ion etching (D-RIE) process was performed to a 
depth of 40 m. Finally, the cavity and overload-stopper 
were formed by D-RIE from the backside. Thick photoresist 
was adopted as passivation layer during D-RIE process.
Figure 5 is a micrograph of a fabricated sensing chip.

Table 1. Resistance changes of normal piezoresistors and output voltages of shear piezoresistors

Fx-bridge Fy-bridge Fz-bridge My-bridge Mx-bridge Mz-circuit

1FxR 2FxR 1FyR 2FyR
1FzR 2FzR 3FzR 4FzR 1MyR 2MyR 3MyR 4MyR

1MxR 2MxR 3MxR 4MxR 1MzR 2MzR

Fx + - 0 0 + + - - + + - - 0 0 0 0 + - 

Fy 0 0 + - 0 0 0 0 0 0 0 0 + + - - 0 0 

Fz = = = = + - - + + - - + + - - + 0 0 

My 0 0 0 0 + - + - + - + - 0 0 0 0 + - 

Mx 0 0 0 0 0 0 0 0 0 0 0 0 + - + - 0 0 

Mz 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 = =

Fig.5 Micrograph of sensing chip 
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